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The aim of this chapter is to document the evolution of surveying techniques 
used for monitoring changes in morphology of beaches and coastal dunes in 
northern France, beginning with GNSS surveys in the 1990s, followed by airborne 
topographic LiDAR surveys since 2008, and high-resolution digital photogram-
metry data collected by an UAV during recent years. Digital Terrain Models (DTMs) 
derived from the data obtained from the different techniques were used for moni-
toring coastal changes, including shoreline evolution, and for computing sediment 
volume changes across the foreshore and the coastal dunes at different time and 
spatial scales. A comparison of the results obtained using these different techniques 
and of their accuracy will be carried out to assess the pro and cons of each survey-
ing technique.
Keywords: GNSS, LiDAR, UAV, topographic survey, digital elevation models, coastal 
geomorphology, northern coast of France, shoreline evolution, sediment budget
1.  Introduction: from a classical naturalistic approach to a contemporary 
quantitative approach
Research in coastal geomorphology aims at describing the shapes of coastal 
landforms (dunes, beaches, cliffs, estuaries, deltas, shorefaces, etc.) at differ-
ent temporal scales (long to short term, several thousand years to a few hours) 
and spatial scales (over large to small areas) and understanding the processes of 
their evolution [1, 2]. This research is frequently applied to the study of risks, for 
example, in case of shoreline erosion, the evolution of the coastline is mapped, 
and sediment budgets are calculated to define the hazards threatening human 
infrastructures.
Many methods are used to detect shoreline changes. They can be classified into 
three categories depending on the date and duration of the study period and the 
type of tools used [3].
To map the medium-term coastline evolution from secular to multi-decadal 
scale and in two dimensions (in plan), diachronic analysis of historic maps, aerial 
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photographs since the mid-twentieth century, and more recent high spatial resolu-
tion satellite images are often used. On historic maps that are often imprecise in 
their drawing, it usually results in approximate measurements. However, they rep-
resent valuable documents for a qualitative or naturalistic geo-historic analysis of 
landscape [3, 4]. On these maps published since the end of the nineteenth century 
and on vertical aerial photographs available since the 1930s, the successive positions 
of the coastline can be identified, digitized, and then compared in a Geographical 
Information Systems (e.g., [5–7]) in order to determine erosion or accretion zones.
Within the second category of methods, in the shorter term, over the last 
30 years or so, measurements have been carried out in two ways with high-tech 
instruments. First, geodetic instruments (e.g., total electronic stations and GNSS) 
are used to carry out data collection in the field. These measurements are time-
consuming and difficult to carry out over large areas; only a fairly limited number 
of points can be acquired (a few hundred to a few thousand); therefore, only beach 
profiles (cross section of the range from a few tens to hundreds of meters long) or 
Digital Terrain Models (DTM) of limited size (a few thousand square meters) and 
low spatial resolution can be surveyed. Second, also in the short term, telemetry 
instruments (e.g., ground or airborne LiDAR) that enable the rapid collection of a 
large amount of elevation data that are transformed into DTM are used.
The third category encompasses the methods of photogrammetric process-
ing that allow to extract elevation data from aerial photographs; this technique 
also allows to collect a very large amount of data that are transformed into Digital 
Surface Model (DSM).
The evolution of these techniques can also be conceptualized in a “measurement 
method paradigm” (Figure 1): with the methods of the first category, we start from 
the images to make measurements. Paper images (maps or aerial photographs) 
available in paper format are scanned or acquired directly in digital format; geo-
metric deformations are corrected, and they are georeferenced; measurements are 
then carried out and statistically processed. It should be noted here that the analysis 
is in two dimensions (in plan). With the methods of the second category, measure-
ments are performed and transformed into images (DTM and DSM), which are 
the result of calculations and not a direct capture of the reality of the terrain. One 
of the major interests of these methods is to be able to work in three dimensions: 
the measurements made are in plan and in altitude. The third category closes the 
paradigm: the work process starts with images (aerial photographs), continues with 
measurements, and returns to images (DSM). Here, the analysis is also in three 
dimensions.
This paradigm has undergone a twofold evolution over the last 25 years or so. 
First, the transition from 2D to 3D measurements has been a determining factor in 
coastal geomorphology. This has made it possible to objectify the position of the 
coastline, which is not always easy to detect in 2D aerial photographs [8]. This also 
made it possible to calculate volumetric and not just planimetric changes in beaches 
and dunes. In addition, with LiDAR technology and photogrammetry, there has 
been a progress toward higher density and accuracy of measurement and results.
The first part of this chapter is devoted to a technical and conceptual synthesis. 
A bibliometric analysis shows the recent, rapid, and phased success of the use of 
GNSS, LiDAR, and then airborne photogrammetry in the field of coastal geomor-
phology. We will briefly describe the techniques, emphasizing their complementari-
ties and their spatial and temporal scales of application. The second part of this 
chapter is an illustration of the first by selected examples of results obtained on the 
coast of northern France. The conclusion proposes a synthesis of the advantages 
and disadvantages of these techniques and discusses some future prospects.
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2.  From GNSS to LiDAR and photogrammetry: three successful 
technologies aiming to a higher density of measurements
The use of these three techniques in Earth and environmental sciences began 
about 30 years ago. They have achieved rapid and phased success as they have been 
further developed and progressively introduced.
2.1 A rapid growth in the use of these techniques
2.1.1 In environmental sciences
In environmental sciences, the applications of these three techniques are very 
diverse and operate at different spatial scales.
Figure 1. 
The measurement method paradigm.
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Differential GNSS is an in-situ measurement system that is used in all areas 
where an accurate position on the planet's surface is required [9]. With GNSS, for 
example, time series of measurements can be made at fixed locations, for example, 
to identify the role of vertical movements of the continent in changes in relative sea 
level [10] or to map the plate boundary faults [11]. Multiple point measurements are 
also frequently taken at different locations and interpolated to produce elevation 
maps, for example, for glacial geomorphological mapping [12].
Light Detection and Ranging (LiDAR) is a telemetry system (remote measure-
ment) that can be used in two main configurations: on the ground with TLS systems 
and in airborne configuration. As shown in a bibliometric study in the field of earth 
sciences in Ref. [13], the Terrestrial Laser Scanning (TLS) technique is used to make 
precise topographic surveys at distance without having to come into contact with 
the ground, which is very convenient in hard-to-reach terrain such as steep cliffs. 
Very large numbers of measurements can be made with these instruments, which 
allow to model the investigated object. Fields of investigation using the techniques 
are, for example, at fine-scale mineralogy and petrology and at a larger scale 
structural geology, seismology, volcanology, tsunami hazards, geomorphology, and 
cryosphere studies [13]. Airborne LiDAR is used to produce accurate elevation maps 
at a larger scale, usually over large areas. The spectrum of applications in the Earth 
and ecological sciences is wide [14], for example, for lava flow survey [15] and 
forestry [16, 17].
Photogrammetry can also be implemented at different scales, from very fine 
scale, over a few millimeters, for example, to monitor the rock surface weathering 
[18], to medium scale, over areas ranging from a few thousand square meters to a 
few hectares, for example, to monitor the evolution of slopes [19, 20] or coastal hab-
itats [21–23]. Finally, it can be deployed on a large scale, over areas of several square 
kilometers (e.g., geomorphological mapping in high mountain  environment) [24].
2.1.2 In coastal geomorphology over the past 25 years
In order to estimate the development of these three techniques in coastal 
geomorphology in particular, a bibliometric analysis was conducted following a 
method similar to that of [13] for the use of TLS in Earth sciences and [25] for UAVs 
in agriculture and forestry.
The Scopus database was used for finding publications (articles and book 
chapters) in the field of Earth and planetary sciences, from 1995 to 2019, searching 
for the following keywords: the kind of instrument (gps or dgps or gnss or dgnss/
LiDAR/uav or uas or drone), coast or beach or dune or shoreline. Early results 
often contained intruders (e.g., in the military, maritime navigation, biology, 
mathematics, or electronic fields). It was therefore necessary to reduce the research 
panel by excluding keywords and certain journals outside the field of coastal 
geomorphology.
Figure 2 shows the results of this analysis for the three types of techniques. It 
can be seen that GNSS was used earlier than the other two techniques. This is logical 
since it is the first of the three technologies that have been developed. However, 
during the last years, the number of mentions of satellite positioning systems 
decreases. This is probably not because they are less used, rather because they have 
become commonly used and authors probably no longer feel the need to describe 
or even mention the technique in the publication. However, these GNSSs are still 
needed for complementing LiDARs and UAVs.
The LiDAR citation curve reflects the development of this technology during the 
last decades. In the second half of the 1990s, there are a limited number of publica-
tions in which the tool is experimental or is used by only a few organizations that 
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have the technical and financial means to use it (e.g., US Army Corps of Engineers 
USACE) [26]. This technique significantly increased at the beginning of the 2000s 
whether airborne or TLS (e.g., for monitoring the evolution of cliffs) [27–29]. The 
use of UAVs did not begin until the early 2000s. This technique took off during the 
second decade of the twenty-first century with the availability of light aircraft (<2 
kg), ready to fly, simple to program and pilot, and financially affordable [22]. UAVs 
are most often used for photogrammetry (see below) and more rarely to carry small 
LiDAR systems [30] or multispectral sensors [31]. It is interesting to note that, at 
the end of the study period, the three techniques are almost equal in terms of cita-
tions in the literature: although the use of UAVs started late, it is now as common as 
that of GNSS and LiDAR.
2.2 The use of these techniques in coastal geomorphology
2.2.1 Differential GNSS
Global Navigation Satellite Systems (GNSSs), more commonly known by the 
acronym GPS, make it possible to measure a position in three dimensions, anywhere 
on the Earth's surface, using the trilateration principle (with three satellites) [32], 
that is, by referring to the very precisely known positions of the satellites in their 
orbits. The use of a radio beacon precisely geo-referenced on land, installed near 
the study site and communicating with the GNSS receiver via UHF waves, makes 
it possible to reduce the error margin of measurement, which ranges from several 
millimeters to centimeters, or even millimeters both horizontally and vertically.
During fieldwork campaigns, when numerous measurements for generating 
accurate Digital Terrain Model are required, the RTK (Real Time Kinematic) mode 
is generally used: the GNSS automatically records elevation data points during the 
operator's movements following a previously defined time step or distance.
Elevation point measurements can be acquired on foot when the areas to be cov-
ered are fairly small (a few thousand square meters or even a few hectares) or with 
an all-terrain vehicle (e.g., a quad where the GNSS is mounted coupled to an iner-
tial station to compensate for the vehicle's movements) driving slowly (between 10 
and 20 km/h) for larger and fairly flat areas. Although larger areas can be covered 
with a vehicle, the density of points collected is rather low. In the example shown in 
Figure 3, the elevation data points were collected using a Leica 1200 GNSS, which 
Figure 2. 
Results of the bibliometric analysis on GNSS, LiDAR, and UAV mentions from 1995 to 2019.
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accuracy is ±1.5 cm horizontally and ±3 cm vertically, coupled to an inertial station 
SBG 500-E on a quad. The DTM was calculated by triangulation of Delaunay along 
the coastline of the port of Dunkirk. The measured points were superimposed on 
it. The intertidal zone was measured with a GNSS receiver of an all-terrain vehicle; 
the alignments of the points along the vehicle’s trajectory are clearly visible. The 
upper beach, the foredune, the muddy areas, and the sand and pebble spit were 
measured on foot because the relief is too constraining for the vehicle; foot surveys 
enable higher measurement densities. This type of topographic survey is time-
consuming: for a survey of 36,360 points, over a surface area of 33.5 ha, resulting in 
a measurement density of 0.1 point per m2, it took 5 days of work during daytime 
and low tide periods.
2.2.2 Airborne LiDAR
Airborne LiDAR is an active telemetry instrument. A vector, aircraft [33–35], 
helicopter, or UAV [30, 36] whose position and altitude are precisely determined 
using a differential GNNS, carries a side-scanning laser that emits pulses under the 
vector. The laser beam is emitted toward the ground; the round-trip time of this 
beam and its “echo” is measured. The speed of propagation of the beam is perfectly 
known according to the atmospheric conditions (temperature and humidity). For 
each point aimed at on the ground, several signals are recorded and averaged: this is 
the distance between the device and the ground surface. Ground control points are 
checked with GNSS to calibrate the data as accurately as possible.
Airborne LiDAR surveys can provide a large number of measurements over 
large areas of several square kilometers. The measurement density is higher than 
that obtained with in situ GNNS. It can typically range from 1 to 2 points/m2, for 
example, from 1.2 to 1.4 points/m2 after data filtering [37, 38]. In the example 
shown in Figure 4, a Leica HawkEye III topo-bathymetric LiDAR sensor was used 
with a 500 KHz frequency in infrared spectrum for topographical surveying and 
a 35 KHz frequency in the green spectrum for bathymetric monitoring in shallow 
Figure 3. 
In the field topographic survey using a GNSS; example of a DTM (the measurement points are overlapped on 
the DTM).
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water. The density of topographical measurements is 12 points/m2 before data 
filtering. According to the manufacturer, the measurement accuracy is ±20 cm 
horizontally and ±2 cm vertically. This vertical margin of error is generally noted on 
bare surfaces (sand and rock) but increases significantly in vegetated areas (25 cm).
Maps produced from LiDAR data are Digital Surface Models (DSM) that show 
the top of all objects. These DSMs represent the ground relief in bare areas (beach 
and rocky plains) but may show the tops of vegetation or buildings elsewhere. In 
geomorphology, however, the object of the study is the relief on the ground and 
not that on the surface of the vegetation or other objects. To obtain a Digital Terrain 
Model (DTM), buildings can be removed by using a vector map of the building 
to delineate the areas of the points to be deleted. At the location of each building, 
an interpolation is then made with the ground elevations around the perimeter of 
the building. For vegetated areas, the data are filtered: the first echo of the signal is 
considered as the one corresponding to the surface of the objects, and the last echo 
(the furthest from the vector) is assimilated to the ground. DTMs are therefore 
calculated using the last echoes resulting in lower measurement densities. However, 
the vegetation is sometimes too dense for the LiDAR signal to reach the ground and 
for a DTM to be extracted from the DSM; this is notably the case in coastal dunes 
covered by sea buckthorn (Figure 4). DSMs or DTMs are calculated by interpola-
tion from points; they can be represented in vector mode as contour maps or in 
raster mode where each pixel contains elevation information. With a data point 
density of 1–2 points/m2, there is no need to aim for a spatial resolution of DSM or 
DTM finer than 1 m/pixel. Figure 4 shows the very wide foreshore along the port of 
Dunkirk, which gradually narrows toward the east. It also shows a morphology of 
bars and troughs on the foreshore. The sand and gravel spits are clearly visible.
2.2.3 Airborne photogrammetry
Photogrammetry is a nonactive telemetry process because no signal is emitted. 
It can be defined simply as the “science of making reliable measurements from 
photographs” [39]. It is most frequently applied to aerial photographs. It allows 
distance and surface measurements to be made in plan. It is also possible to extract 
altitude information from two vertical aerial photographs of the same area taken 
from different angles using the principle of stereoscopy.
Figure 4. 
Extract of an extensive 1 m spatial resolution DTM on the harbor of Dunkirk coast, northern France carried 
out with a Leica HawkEye III LiDAR (sources: map SHOM, ROLNP on data.shom.fr; picture, Leica 
Geosystems).
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Photogrammetry therefore requires a camera: formerly, a silver camera, and 
nowadays, a high-resolution digital sensor. These cameras are embarked on differ-
ent types of carriers: airplanes [40], ultralight aircraft [41], or UAV [42–46]. The 
cameras are installed on stabilized gimbals that compensate for the vector’s pitch 
and roll movements in order to minimize the blurring effects on the photographs.
“Conventional” airborne photogrammetry, using carriers flying at altitudes of 
500–5000 m above the ground, provides results with highly variable vertical error 
margins that largely depend on the spatial resolution of the acquired images and 
therefore on the flying height. The margin of error can be metric (1.5 m in moun-
tainous areas) [24] or decimetric (30 cm in coastal areas) [39], which is not accurate 
enough to detect fine detail and small amplitude changes on beaches.
In recent years, airborne photogrammetry by UAV at low altitude (below 
150 m) and very high spatial resolution has rapidly gained popularity in coastal 
geomorphology. As mentioned above, this success has been made possible by the 
development of digital photogrammetry and the introduction of small, easy-to-
use, and affordable civilian UAVs. This success is also due to a technical change in 
photogrammetry, which was originally only an optical technique, requiring the use 
of bulky equipment and the permanent intervention of a technician, whereas it is 
now completely digital and can be automated almost all along the image processing 
workflow. Specialized software, but relatively easy to use for those who are familiar 
with geomatics, is available. These programs perform a correspondence analysis of 
the pixels of the images to “stitch” them together like a panorama; they calculate 
angles between the shooting points and these pixels in order to calculate depths of 
field or differences in altitude to represent the relief.
The protocol for organizing a UAV photogrammetry mission is simple. A flight 
plan is programmed, which forecasts the UAV’s trajectory in the form of flight path 
parallel to each other in the area to be studied. The flight altitude of the aircraft is 
parameterized, which, depending on the sensor’s fineness, determines the spatial 
resolution of the vertical images: the greater the height, the lower the resolution. 
For example, with a 20 MPixel sensor, a pixel of 2.41 μm, a focal length of 8.8 mm 
(DJI Phantom IV Pro or Mavic 2 Pro UAV), a flight height of 50 m, the spatial 
resolution of an image will be 1.4 cm/pixel.
  R = H × 100 ×  [ P ×  10 
−4  _
F ×  10 −1 ]  (1)
where R is the spatial resolution of the image in cm/pixel, H is the flying height 
in meters, P is the sensor pixel size in microns, and F is the sensor focal length in 
millimeters.
Overlap between two successive photographs and lateral overlap between two 
parallel strips of photographs are programmed (80 and 60% are recommended, 
respectively). On the UAV’s speed depends on these parameters. The speed must 
be slow enough to avoid blurring on the photographs. In the example shown in 
Figure 5, the flight height of the DJI Mavic 2 Pro was 65 m, and the speed was 5 
m/s. Oblique aerial photographs can also be integrated into the data to be processed: 
they help to better model steep slope reliefs such as cliffs or foredune fronts. The 
flight plan is recorded and used for repeated overflights at different dates. During 
each campaign, ground control points, evenly distributed over the study area, are 
measured using GNSS. The coordinates of these control points allow the DSM to be 
set very precisely in plan and in altitude.
Digital photogrammetric processing with very high spatial resolution allows to 
generate a very high density of measurement points and to calculate very fine DSMs. 
The DTM, as shown in Figure 5, was calculated with an average density of 269 
points/m2. The average error margin of the measurements is 3.2 cm in the plane and 
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2.5 cm at altitude with a spatial resolution of 6 cm/pixel. The sharpness is such that 
when zooming in, wheel tracks of bulldozers replenishing the beach a little further 
east can be seen. Such spatial resolution of the DSM can be achieved, thanks to the 
very high density of the points. As with LiDAR data, photogrammetric measure-
ments concern the surface of objects: the transformation of DSMs into DTMs is 
sometimes possible for spatially well-defined objects (buildings and small groves of 
vegetation) using the same methods. However, such high accuracy DTMs can hardly 
be obtained in densely vegetated areas. Interpretations of elevation changes must 
then be very cautious. An apparent increase in altitude may be the consequence of 
vegetation growth and not of sand accretion (see Section 3 of this chapter).
A major interest of photogrammetry compared to LiDAR is that it allows the 
acquisition of aerial photographs on which many detailed observations can be 
distinguished (e.g., sand/vegetation limit on the upper beach and type of vegeta-
tion). These photographs, each covering a small area, can be assembled to form a 
full orthophotograph [39]. They are corrected for optical distortions using precisely 
known shooting parameters and recorded in the exif metadata of the files; distor-
tions due to relief are corrected using DSM.
2.3 Synthesis
GNSS, LiDAR, and photogrammetry can be classified in several ways. A 
distinction can be made between ground (GNSS and TLS) and airborne (LiDAR 
and photogrammetry) measurement methods, active (sending/receiving a signal; 
GNSS, TLS, and LiDAR) and nonactive (photogrammetry) measurement methods, 
in situ (GNSS) and telemetry (remote measurement, TLS, LiDAR, and photogram-
metry) measurement methods.
The quality of the results is closely linked to the positioning accuracy at the 
different stages of the technical protocols (e.g., TLS, vector, and ground control 
points) and therefore to GNSS, which remains an essential instrument for the 
calibration of the elevation data.
The graph in Figure 6 aims at showing the complementarity of these techniques. 
Two parameters are taken into account: on the abscissa, the time scale/frequency of 
acquisition, and on the ordinate, the spatial density of the measurements, which is a 
key factor for the accuracy of DTMs or DSMs [47]. As the frequency of data acquisi-
tion increases and the degree of accuracy becomes more refined, finer analyses 
become possible. With regularly repeated high spatial resolution DSMs, it is thus 
Figure 5. 
Example of a very high resolution DSM computed from photogrammetric survey carried out with a DJI Mavic 
2 Pro UAV on the harbor of Dunkirk coast, northern France.
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possible to highlight otherwise undetectable detail changes at lower acquisition 
frequency and/or with coarser spatial resolution surveys (e.g., aeolian sand accu-
mulations, see Section 2 of this chapter).
3. Case studies: shoreline changes on the coasts of northern France
The second part of the chapter presents examples of studies carried out on the 
northern coast of France in the surrounding of Dunkirk. Topographic surveys 
were carried out using differential GNNS, LiDAR, and airborne photogrammetry. 
These examples illustrate the benefits of changing from two- to three-dimensional 
analysis and improving spatial resolution.
3.1 Toward a more accurate coastline detection
The shoreline is the indicator most often used to define, map the position of the 
shore, and study its evolution [48]. There are several definitions of shoreline [8]. 
The definition may vary according to the coastal environments studied, for exam-
ple, the boundary between water and sand in a microtidal environment, the base 
of the top of a cliff, the berm of a pebble barrier, the toe of coastal dunes, and the 
boundary between sand and beach top vegetation. Along the same coast, the posi-
tion of these different shoreline indicators does not always coincide: for example, 
the limit between sand and vegetation may be located several meters away landward 
of the dune toe (Figure 7). The definition of the coastline is therefore an essential 
prerequisite in diachronic analyses of the shoreline.
Identifying the shoreline in two dimensions on aerial photographs is sometimes 
difficult. On aerial photographs, whether historical or recent, the coastline is not 
always clearly distinguishable. Figure 7 shows two aerial photographs shot at two 
different dates (1957 and 2015), at the same scale. On the 1957 photo of poor qual-
ity, the break in slope is hardly detectable where the foredune slope is gentle. In 
GIS analyses, an error margin in detection must be taken into account (±x pixels, 
Figure 6. 
Spatial and temporal scales of application of the three techniques.
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thus ±y m, depending on the spatial resolution of the digitized photos) [49]. 
Stereoscopic observation of paper photos helps to identify the shoreline position, 
but the transfer of these observations to a computer is not convenient. Computer 
and photogrammetric processing of the images improves analysis (see below).
The shoreline can be measured in the field by GNSS. This requires a clear 
definition of what is considered as a shoreline and a good experience in field 
investigation. In the following examples along the coasts of northern France, the 
dune toe was selected. The shoreline is easily detected when the dune toe is marked 
by a sharp change in slope gradient (e.g., in Zuydcoote in Figure 7), but not when 
the slope between the upper beach and the dune is mild and regular (e.g., in Bray-
Dunes). The measurement accuracy of GNSS is high, but in these cases, an error 
margin has to be attributed to the operator's interpretation of the terrain.
The shoreline can be defined by an altitude level, for example, the one reached 
by a distinct tide level such as the mean high spring tide. This approach is used by 
the French National Hydrographic and Oceanographic Service (SHOM) to define 
the official coastline in France, called “Histolitt,” which corresponds to the highest 
astronomical tide (HAT). Along the coastline east of Dunkirk, for example, the 
HAT corresponds to an altitude of 3.787 m (French elevation datum), which has 
been mapped on a recent DSM obtained from an aerial photogrammetric survey 
with a high spatial resolution (5 cm/pixel) carried out in September 2019. The 
“Histolitt” shoreline has also been superimposed on the 2019 DSM showing an 
offset of about 11 m between the two shorelines (Figure 8) even if the shoreline 
position was defined by the same altitudinal level (3.787 m) in both cases. This 
difference in position between the two shorelines can be explained by the fact that 
the “Histolitt” shoreline was determined from a DTM with a vertical accuracy of 
Figure 7. 
The complex detection of the shoreline on aerial photographs and in the field.
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50 cm calculated by photogrammetry with aerial photographs of 2004. The recent 
fine-scale mapping of the upper beach and coastal dunes shows that the “Histolitt” 
shoreline is now outdated since its position does not correspond to the present day 
morphology anymore. Nevertheless, even if the updated shoreline position using 
the location of the HAT level on the recent DSM is more consistent with the actual 
present day shoreline, its position still lays several meters seaward of the dune toe 
(Figure 8) that is the geomorphological expression of the upper limit of action of 
the highest water levels, including tides and meteorological surges related to wind 
and changes in atmospheric pressure [38].
The shoreline may also be mapped in a semi-automatic way by identifying in a 
DTM for a neat variation of the slope gradient at the dune toe [38] using the follow-
ing approach:
  | | → g | | =  √ 
_____________
  ( ∂ z _∂ x ) 
2





where g is the slope gradient, z is the altitude, and x and y are the planar coor-
dinates of each pixel in the DTM. Figure 8 shows a slope gradient map calculated 
from a DSM computed by photogrammetry in September 2019 in Zuydcoote. The 
figure also exhibits two cross-sectional profiles: one is a topographic profile, and 
the other is a slope gradient profile in degrees. In this example, a slope gradient 
of 22° corresponding to the dune toe has been selected. On the map, areas with 
slopes between 0 and 22° range from light to dark grey. They are mainly located on 
the beach; there are, however, some areas with low gradients in the coastal dunes 
Figure 8. 
Example of shoreline detection on a DTM/DSM and comparison with the shoreline measured by GNSS in the 
field.
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(e.g., paths). Zones with steeper slopes are not displayed on the map; therefore, the 
actual topography remains visible. The detection of this boundary is validated by 
comparison with the coastline surveyed in October 2019 with a GNNS: the differ-
ences range from 0 to 2.5 m landward, which are due to beach and dune toe erosion 
between September and October 2019, as a result of high water levels that had 
eroded the beach and the foot of the dune.
Figure 9 illustrates a diachronic study using shorelines extracted from DTMs 
at different dates (2008, 2011, 2012, and 2014) on an 8 km long stretch of coast 
between Dunkirk and the Belgian border. The analysis of the shoreline evolution 
from 2008 to 2014 indicates a clear contrast between the sectors west and east of 
Bray-Dunes. However, the meteorological and marine conditions (winds and water 
levels) were the same throughout the study area [50]. The first sector is character-
ized by a general but moderate progradation (a few meters) from 2008 to 2011 and 
2012 and from 2012 to 2014 by a mean erosion of 6 m, up to 10 m in some sectors. 
The second sector east of Bray-Dunes underwent accretion over all the study period 
with a mean seaward migration of the shoreline of 10 m: it is especially noticeable 
from 2008 to 2011 and 2012 and is more moderate for the last period from 2012 to 
2014 where some sectors even experienced mild erosion.
3.2 Calculation of altimetric and volumetric changes
Switching from 2D to 3D analysis enables to detect the shoreline position more 
accurately. 3D analysis using DTMs or DSMs also allows volume calculation and 
mapping of topographic changes. On sandy coasts, this approach can be used for 
calculating sediment volume changes and sediment budgets and for mapping accre-
tionary and eroding sectors that are potentially at risk [51]. Below are two examples 
at two different scales on the coast east of Dunkirk.
Figure 9. 
Evolution of the shoreline in Dunkirk and the Belgian border from 2008 to 2014 with transect location map 
(adapted from Ref. [38]).
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3.2.1 Very high spatial resolution and short-term shoreline analysis at Zuydcoote
Four photogrammetric survey campaigns were carried out in November 2017, 
May 2018, September 2018, and February 2019. Very high spatial resolution DSMs 
were then calculated (5 cm/pixel; Figure 10a). The DSMs were compared in pairs 
(e.g., Figure 10b). In order to synthesize the four DSMs, a statistical analysis was 
also conducted. For example, a map of the annual rate of change was produced by 
calculating a linear regression with the pixel heights at each date.
For example, between November 2017 and May 2018, the sediment budget was 
negative (−5041 m3, i.e., −0.15 m3/m2), 1368 m3 (0.22 m3/m2) of sediment accumu-
lated, and 6410 m3 was eroded (−0.25 m3/m2). Erosion was very mainly detected on 
the beach and dune front. The comparison map of the DSMs (Figure 10b) shows a 
flattening of the upper intertidal bar and the upper foreshore, and the disappear-
ance of the aeolian sand accumulation features identified on the DSM of November 
2017 (Figure 10a). The DSM comparison also shows that the dune front has been 
eroding, although blowouts were filling up.
The map of the annual rate of change calculated with the four DSMs 
(Figure 10c) confirms the previous observations: erosion of the sand bar, upper 
beach and dune front, and accumulation in the trough landward of the upper inter-
tidal bar and in the blowouts. The topographic and statistical cross-shore profiles 
(Figure 10d) show that the highest negative evolution rates are corresponding to 
the foredune front. As indicated in Section 2.2.3 of this chapter, such map must 
be interpreted with caution. In bare areas, the geomorphological analysis can be 
validated, but in the vegetated zones, the changes detected may be due to vegetation 
growth and not to geomorphological changes. The interpretation of these DSMs 
must therefore always be combined with observation of aerial photographs.
Figure 10. 
Examples of (a) DSM computed from photogrammetry data (November 2017), (b) evolution map (November 
2017 to May 2018), (c) map of annual rate of evolution, and (d) cross-shore topographical and evolution rate 
profiles.
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3.2.2 Large-scale calculation of the sediment budget east of Dunkirk
Four topographic survey campaigns were carried out with an airborne topo-
graphic LiDAR in May 2008, March 2011, November 2012, and January 2014 on a 
8 km long coastal stretch east of Dunkirk. For each measurement campaign, a DTM 
with a spatial resolution of 1 m was calculated. In order to understand sediment 
transfer between beach and dunes, these DTMs were used to calculate sediment 
volume variations in the mid foreshore, upper beach, and dune (Figure 11). The 
lower foreshore limit corresponds to the minimum elevation at the time of LiDAR 
measurements and therefore depends on the tidal level. The upper limit of the mid 
foreshore is the Mean High Water level (MHW, 2.83 m French elevation datum at 
Dunkirk). The upper beach is the area between the MHW level and the shoreline 
determined using the gradient method (see Section 3.1). The seaward limit of the 
dunes is the shoreline, whereas the inner limit is determined by photo-interpreta-
tion according to the type of dune vegetation identified in order to exclude areas 
with high vegetation (e.g., sea buckthorn) where the differences between the DTM 
and the actual ground topography may exceed 50 cm.
Figure 11 shows that the shoreline east of Dunkirk experienced a sediment 
accumulation of approximately 326 × 103 m3 from 2008 to 2014. Almost half of 
this accumulation is observed in the coastal dunes (154 × 103 m3), mainly in the 
eastern part, next to the Belgian border. The average vertical accretion is 1 m. In 
the whole study zone where the shoreline has been stable from 2008 to 2014, the 
sediment budget of the dunes is positive even if dune front erosion occurred in 
places. Estimates of changes in sediment volume indicate that accumulation in 
coastal dunes occurred primarily prior to erosive events in the fall and winter of 
2013, particularly between 2008 and 2011 when a gain of more than 122 × 103 m3 
Figure 11. 
(A) Map of shore evolution between Dunkirk and the Belgian border from 2008 to 2014 and (B) volumetric 
evolution of the foreshore, upper beach, and dunes (adapted from Ref. [38]).
Spatial Variability in Environmental Science - Patterns, Processes, and Analyses
16
of sand was observed. Sediment accumulation was about 69 × 103 m3 in the coastal 
dunes during the following period (2011–2012), which corresponds to a constant 
average accumulation rate of about 0.13 m3/m2/year in the dunes during both peri-
ods. Subsequently, storms in late 2013 [50] resulted in widespread coastal retreat 
associated with the erosion of coastal dunes west of Bray-Dunes (Figure 11). About 
36.5 × 103 m3 and 15.7 × 103 m3 were eroded from the Dune Dewulf and the Dune 
Marchand, respectively, between 2012 and 2014. However, the Perroquet Dune, 
east of Bray-Dunes, remained fairly stable or even accumulated slightly during this 
storm period. Although coastal dune erosion was significant during the 2012–2014 
period, a comparison of the 2008 and 2014 DTMs shows an accumulation in the 
dunes almost everywhere along the coast (Figure 11A) due to the supply of aeolian 
sand from the beach. Such vertical accretion is visible even where coastal dune ero-
sion has occurred (e.g., Dune Dewulf), suggesting that wind-blown sand may also 
have been transported landward as the dune front eroded and retreated.
The upper part of the beach was also characterized by accretion along most of 
the study site, with a total gain of nearly 90 × 103 m3 between 2008 and 2014, with 
maximum accumulation (>0.5 m) measured in the eastern part of the study site 
(Figure 11B). As for the dunes, sand accumulation on the upper beach occurred 
mainly between 2008 and 2012, while slight erosion occurred locally between 2012 
and 2014. Comparison of the 2008 and 2014 DTMs shows characteristic patterns 
of topographic change of intertidal bars and troughs on the foreshore. The cor-
responding volume changes are very limited: about +83 × 103 m3 over the whole 
foreshore, corresponding to only 0.04 m3/m2.
4. Conclusions
This synthesis showed that the new topographic measurement techniques 
implemented in coastal geomorphology over the last 25 years had enabled a clear 
gain in productivity in topographic measurements. The density of measurements 
has considerably increased, for example, for areas of several hectares, from 0.1 
points/m2 to 1–2 points/m2 with LiDAR and several hundred points/m2 with 
photogrammetry. This greater density of points resulted in the calculation of DTMs 
or DSMs with a higher spatial resolution (1 m/pixel with LiDAR measurements, 5 
cm/pixel for photogrammetric measurements) on which small-scale landforms and 
topographic changes that could not be distinguished at a coarser resolution can be 
detected. With the development of these new techniques, it is therefore nowadays 
possible to work on shoreline morphodynamics at a very fine scale. For example, 
aeolian sand accumulation landforms on the upper beach and dune blowouts associ-
ated with pedestrian trampling are visible on a photogrammetric DSM but not on a 
LiDAR DTM (Figure 12: on the left, extract of the LiDAR DTM, and on the right, 
the photogrammetry DSM).
This improvement in spatial resolution is also associated with a decrease in 
measurement error margins (±20 cm horizontally and 2 cm vertically for aircraft 
LiDAR measurements, ±3 cm in both dimensions for low-height photogrammetric 
UAV surveys), which results in a higher accuracy of the DTMs produced.
Table 1 compares the advantages and disadvantages of the three techniques. The 
financial costs are not discussed here.
In the coming years, coastal geomorphologists are waiting for a technique that 
will automatically distinguish bare areas from vegetated areas, so that DTMs can 
be easily calculated. The simultaneous use of LiDAR and multi- and hyperspec-
tral sensors on board aircraft [52] or UAVs [31] is an interesting prospect. These 
multi- and hyperspectral images, processed with remote sensing methods, allow to 
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map vegetation and soil moisture. This is particularly interesting for analyzing the 
dynamics of embryo dunes, which is closely linked to the development of pioneer 
vegetation [53] or monitoring the stabilization or restoration of established coastal 
dunes [54].
Figure 12. 
Comparison of DSM calculated from LiDAR data (on the left) and low-height photogrammetry (on the 
right).
Technique Advantages Disadvantages
GNSS Measurement campaign very easy to organize
High repeatability
Not really sensitive to weather conditions
High accuracy measurements
Short processing time of the data
Small to medium amount of data to be stored
Provide DTM
Fit for small to medium study zones






Fit for small to medium study zones (short 
flight time and limited range)
Measurement campaign easy to organize 




Provide full orthophotographs for 
photointerpretation
Sensitive to weather conditions
Long processing time of the data 
and high computing power required
Huge amount of data to be stored
Provide DSM, difficult to compute 
DTM








Sensitive to weather conditions
Long processing time of the data 
and high computing power required
Huge amount of data to be stored
Table 1. 
Advantages and disadvantages of the three techniques.
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